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N00 = N(SiMe3)2] and K[FeCp(CO)2] affords the first complex
with an unsupported 4f–3d metal–metal bond that is sufficiently
stable to be isolated; the bond is identified as principally ionic in
nature by DFT calculations.
Although metal–metal bonds are found in a wide variety of
structurally and synthetically important complexes of the
d- and p-block metals, complexes of the f-elements with
unsupported bonds to a transition metal are very rare. In





3a Comparisons of these with the
Group 14 complexes Cp3U–MPh3 (M= Sn, Ge, Si) suggested
weak heterobimetallic bonding.3b Beletskaya showed that
crystalline [Cp2(thf)Lu–RuCp(CO)2] was stable and possesses
a polarised covalent Lu–Ru bond of 2.995(2) Å.4 But despite
the stability of the actinide heterobimetallics, the Lu–Ru
complex was unstable towards disproportionation, and
they were unable to stabilise the Lu–Fe analogue
sufficiently to isolate it. We have shown that the salt-elimination
reaction between a neodymium monoiodide and
[K(NMe2CH2CH2NMe2){Ga(NArCH)2}] (Ar = 2,6-Pr
i
2C6H3)
affords [Nd(L0)(N00)(thf){Ga(NArCH)2}] A [L
0 =
ButNCH2CH2{C(NCSiMe3CHNBu
t)}; N00 = N(SiMe3)2].
X-Ray crystallography and DFT calculations reveal a Nd–Ga
bond in this compound, which exhibits a parent ion mass peak
in the EI mass spectrum, and which is thermally stable up to
100 1C in toluene.5
Neutral adducts are also formed between EuII, YbII, and
either AlI or Ga1: in the complexes [(Cp*)2Ln–Al(Cp*)] (Ln =
Eu, Yb), the dative Ln–Al bonds are essentially ionic;6 in
[(Cp*)2Ln–{Ga(Cp*)}n(thf)m] (Ln = Eu, n = 2, m = 0, Yb,
n = 1, m = 1), the metal–metal bond is significantly more
stable in solution than in the Al analogues.7 Arnold et al. has
more recently demonstrated that [(CpSiMe3)3U–Al(Cp*)]
(CpSiMe3 = C5Me4SiMe3) is stable in solution, and the
U–Al bond exhibits some covalent character, according to
DFT calculations, owing to charge transfer from the Cp*Al
ligand onto uranium.8 Kempe et al. also recently showed that
protonolysis routes can afford the first unsupported Y–Re and
Yb–Re bonds in [(Cp)2Ln–ReCp2] (Ln = Y, Yb), which were
demonstrated by DFT calculations to be very polar.9
We have been studying the chemistry of NHC ligands with
an incorporated anionic functional group to permit the isola-
tion of discrete carbene complexes of Lewis acidic transition
metal cations and lanthanides.10 N-heterocyclic carbenes
(NHCs) are widely used as s-bases in homogeneous late metal
catalyst systems, and as rate-accelerating additives in organic
reactions catalysed by Lewis acidic metal cations.11 During the
course of our studies, we have found routes to mono halide-
substituted lanthanide complexes,12 and have taken the
opportunity to explore their salt metathesis chemistry
(see also A above).13 Herein, we show how this salt-
elimination strategy can be used to isolate the first thermally
stable complex containing an unsupported bond between a 3d
and a 4f metal.
ð1Þ
Treatment of the neodymium iodide complex [Nd(L0)(N00)(m-I)]2
with an equivalent of the potassium salt of the CpFe(CO)2
anion fragment, K[CpFe(CO)2] (KFp), affords a brown solu-
tion, and a precipitate of KI. After work-up to remove the KI
by filtration, and evaporation to dryness, an orange powder is
afforded. The product may be recrystallised from diethyl ether
to afford analytically pure [Nd(L0)(N00){FeCp(CO)2}] 1,
in excellent yield,z and single crystals suitable for X-ray
structural analysis, Fig. 1.y
The 1H NMR spectrum of 1 contains paramagnetically
shifted resonances, which fall within the range 70 to 6 ppm,
and a solution magnetic moment was calculated by the NMR
spectroscopic method as 3.41 B.M. The mass spectrum
(EI) contains fragments in which silylmethyl and carbonyl
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groups have been lost from the molecular ion of 1, but
retaining the Nd and Fe core. This suggests a good stability
of the metal–metal bond in the gas phase.
The coordination sphere about the Nd cation is approxi-
mately pseudo-tetrahedral. The N2–Nd1–C2 angle is small,
83.34(12)1, presumably because of the ligand bite angle
imposed by the bidentate NHC–amide ligand. The Nd–Fe
distance is 2.9942(7) Å which is much less than the sum of the
covalent radii for Nd and Fe (3.15 Å).
Shorter bond distances to metals of comparable radius to
Nd (six-coordinate covalent radius of Nd is 1.123 Å) may be
found in [PbMe2Fp2],
14 Pb–Fe = 2.735, 2.737 Å (four-
coordinate lead radius 1.12 Å) and [Bi(S2NEt2)2Fp],
15
Bi–Fe = 2.641 Å (five-coordinate bismuth radius 1.10 Å).16
The Fp fragment has been shown to bind to a variety of
main group metal fragments, predominantly based on the
metals tin and gallium, but also antimony, mercury, indium,
and bismuth. However, a few examples of binding to more
electropositive metals exist, for example, [(N{CMe2CH2}2-
CH2)2AlFp], [Cp2(H)NbFp], [(NMe2)3TiFp], [HC{SiMe2N-
(p-tol)}3TiFp], and [{N(SiMe3)CH2CH2CH2N(SiMe3}ZrFp2].
17
The Nd–Ccarbene distance of 2.606(4) Å is not significantly
different from that in the parent, unsilylated four-
coordinate NHC complex [Nd(L)(N00)2] (L = Bu
tNCH2CH2-
{C(NCHCHNBut)}) in which it is 2.609(3) Å.18 It is shorter
than in the five-coordinate starting material, [Nd(L0)(N00)(m-I)]2
[Nd–C(NHC) = 2.656(5) Å] and in the five-coordinate
Nd–Ga complex A [Nd–C(NHC) = 2.669(2) Å].5 The other
distances and angles fall within the expected ranges for these
interactions.
The FTIR spectrum of 1 reveals an asymmetric n(CO)as
stretch at 1845 cm1 which is 75 cm1 greater than the n(CO)as
stretch in K[Fp] (n(CO)as = 1770 cm1). (dnas = 75 cm1).
The magnitude of the shift (dnas) between that in KFp and a
complex containing a metal bound Fp anion is a useful
reporter of the electron density presence between the
two metals. This magnitude of this shift is less than in
[Me(CH2SiMe3N)3Ti–Fp] (nas = 1916 cm
1, dnas = 146 cm
1)
in which a significant Ti–Fe p-bonding component was
ascribed,19 and in [(Me2N)3Ti–Fp], (nas = 1898 cm1,
dnas = 128 cm
1).17a
DFT calculations were carried out on the model geometry 1
in order to probe the nature of the Nd–Fe interaction in 1. The
DFT geometry optimisation of 1 reproduces successfully the
principal features of the structure of 1 as determined by X-ray
crystallography; the Nd(1)–Fe(1) and Nd(1)–C(2) distances
are 3.02 and 2.64 Å, respectively, ca. 0.03 to 0.04 Å longer than
in the X-ray crystal structure of 1. In addition, frequency
calculations on 1 and a geometry optimised [Fp] fragment
yield calculated n(CO)as of 1834 and 1794 cm1, respectively,
reproducing qualitatively the experimental trend observed for
1 and K[FeCp(CO)2]. The data suggest that these calculations
should provide a reasonable, qualitative description of the
electronic structure of 1.
The calculated interaction energy between the {Fp} and
{Nd}+ fragments, corrected for thermal and zero point
energies, the preparation energies for the fragments and for
basis set superposition errors, is 384 kJ mol1. This is similar
to the Nd–Ga bond energy calculated for A (386 kJ mol1),5
and is of a similar order of magnitude to the experimentally
determined bond disruption energy for the Sm–C bond in
Cp02Sm–CCPh [D(Sm–C) = 390 kJ mol
1] in toluene.20
However, the calculated interaction energy between the
[Fp] and {Nd}+ fragments in 1 is ca. 255 kJ mol1 greater
than the experimentally determined U–Fe disruption energy in
[Cp3U–Fp] [D(U–Fe) = 129 kJ mol
1] in toluene3a and it has
also been argued that actinide compounds are reasonable
theromochemical models of 4f centres.3a We suggest that this
discrepancy in calculated and experimental energies may
reflect the gas-phase nature of the theoretical study versus
the solution phase of the experimental determinations.
A natural bond orbital (NBO) analysis of 1 reveals natural
charges for Nd(1) and Fe(1) of +2.51 and 0.42, respectively,
consistent with some charge transfer involving a formally
anionic Fe(0) centre to a Nd(III) centre in 1. The Wiberg bond
order (0.13) for the Nd–Fe interaction is substantially less than
that for the Nd–Ga bond in A5 (0.83) and, in contrast to A, an
NBO analysis for 1 does not identify a formal covalent Nd–Fe
bond in 1.
Fig. 1 Displacement ellipsoid drawing of 1, methyl groups and
hydrogens omitted for clarity. Selected distances (Å) and angles (1):
Nd1–Fe1 2.9942(7), Nd1–C2 2.606(4), Nd1–N2 2.204(3), Nd1–N4
2.342(3), N1–C2 1.363(5), N3–C2 1.354(5), N2–Nd1–Fe1 104.73(9),
C2–Nd1–Fe1 107.37(9), N4–Nd1–Fe1 127.51(8), N2–Nd1–C2
83.34(12), N3–C2–N1 104.0(3).
Fig. 2 The Kohn–Sham representation of the HOMO of 1 at the
0.05 e Å3 isosurface.
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This suggests that the Nd–Fe interaction is principally ionic
in character and this is supported by the nature of the
HOMO in 1 (Fig. 2). This orbital is 84.6% localised on the
[Fp] fragment, principally within the Fe 3d (33.9%) and 4p
(12.2%) orbitals. The remaining 15.4% is localised on the
amide N(2) atom (10.4%) with essentially no delocalisation
(0.4%) onto the Nd centre. The HOMO orbital is p-bonding
with respect to the Fe–C(O) bonds and p-antibonding with
respect to the C–O bonds. Polarisation of the electron density
within this orbital towards the {Nd}+ fragment could provide
the mechanism for the observed and calculated increase in
n(CO)as on the coordination of the {Fp} unit to the {Nd}+
fragment.
To conclude, this work demonstrates that complexes con-
taining bound d- and an f-block metal fragments are accessible
if appropriately designed salt-elimination strategies can be
designed. These strategies provide a driving force for the
formation of the product by ensuring a strong electrostatic
contribution to the interaction between the d- and f-block
fragments in addition to favourable salt-elimination.
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